Cardiac angiogenesis is an important determinant of heart failure. We examined the hypothesis that protein tyrosine phosphatase (PTP)-1B, a negative regulator of vascular endothelial growth factor (VEGF) receptor-2 activation, is causally involved in the cardiac microvasculature rarefaction during hypertrophy and that deletion of PTP1B in endothelial cells prevents the development of heart failure.
Introduction
Clinical and preclinical evidence suggests that inadequate cardiac angiogenesis is an important determinant of heart failure. 1 It is regulated by angiogenic growth factors released from stretched or hypoxic cardiomyocytes and/or fibroblasts, which interact with their specific receptors on neighbouring endothelial cells. 2 Vascular endothelial growth factor (VEGF) is essential for cardiac angiogenesis, as shown in mice with cardiomyocyte-specific deletion, 3 inducible sequestration, 4 or blockade 5 of VEGF.
Cardiac hypertrophy is initially associated with an increased capillary density, whereas a reduction in the cardiac microvasculature is observed at later stages, in mismatch with the elevated oxygen and nutrient demands of the hypertrophied cardiomyocytes. The molecular mechanisms underlying the insufficient adaptive cardiac angiogenesis in chronic cardiac hypertrophy are not fully understood and may include the inadequate expression of angiogenic growth factors. For example, a reduced cardiac expression of VEGF has been reported in patients with dilative cardiomyopathy and heart failure, 6 whereas levels of the VEGF antagonist soluble VEGF receptor-1 were found to be increased. 7 On the other hand, elevated placental growth factor levels have been detected in serum of patients with ischaemic heart failure, 8 suggesting that a reduced responsiveness of coronary endothelial cells towards angiogenic growth factor stimulation may also be involved in the observed rarefaction of the cardiac microvasculature. Angiogenic growth factors signal via tyrosine kinase receptors, whose activity is controlled by protein tyrosine phosphatases (PTPs) and the dephosphorylation of specific phosphotyrosine residues. A major PTP expressed in endothelial cells is PTP1B. Previous studies demonstrated an increased PTP1B expression in response to peripheral ischaemia and showed that PTP1B overexpression inhibits the VEGF-induced autophosphorylation of VEGFR2, whereas siRNAmediated knockdown or endothelial cell-specific deletion of PTP1B improved VEGF signal transduction and angiogenesis. 9, 10 The role of PTP1B in the heart has so far been primarily examined in mouse models of chronic myocardial infarction. For example, systemic pharmacological inhibition or genetic deletion of PTP1B was shown to protect mice against chronic heart failure induced by myocardial infarction, 11 and also was found to improve the peripheral endothelial dysfunction in mice with post-ischaemic heart failure. 12 However, PTP1B is widely expressed in many tissues, and systemic inhibition or deletion may have influenced other cell types and parameters important for the cardiac remodelling response. Thus, the importance of endothelial PTP1B during cardiac hypertrophy and the development of heart failure are unknown. Here, we examined the hypothesis that PTP1B expressed in endothelial cells is causally involved in the reduced cardiac vascularization and impaired angiogenic signal transduction in the failing heart following chronically elevated cardiac afterload, and that endothelial PTP1B overexpression promotes the progression towards heart failure.
Methods

Experimental animals
To generate mice with inducible endothelial cell-specific PTP1B deletion (End.PTP1B-KO), mice with loxP-flanked (floxed, fl) PTP1B alleles (C57BL/6 background; courtesy of Benjamin G. Neel) 13 were mated with mice expressing a Cre recombinase-estrogen receptor fusion protein ER(T2) under control of the endothelial receptor tyrosine kinase (Tie2) promoter (C57BL/6 background; courtesy of Bernd Arnold). 14 Genotyping and detection of deleted PTP1B alleles (delta PTP1B) were performed as described. 13 
Blood pressure measurements
Systolic and diastolic blood pressure was obtained in awake mice using a tail cuff non-invasive blood pressure system (CODA TM Monitor; Kent Scientific Corporation). A minimum of five measurements were obtained from each mouse.
Transverse aortic constriction
Female mice were anaesthetized via 2% isoflurane inhalation and subjected to minimally invasive transverse aortic constriction (TAC) surgery over a 26-gauge needle. 15 Anaesthesia depth was monitored by observing the respiratory rate and the toe-pinch reflex. Sham-operated mice, in which the aortic arch was exposed, but not ligated, were also examined. Three days after the surgery, the pressure gradient over the aortic ligature was determined using pulsed-wave Doppler. At 7 days or 20 weeks after the TAC surgery, mice were sacrificed by overdose isoflurane inhalation, and the hearts and lungs were excised and weighed. The atria were removed, and the ventricles were immediately processed for RNA and protein isolation or cryo-embedding.
Echocardiography
Two-dimensional (2D) echocardiography was performed in mice under 1.5% isoflurane anaesthesia (Vevo 2100; Visualsonics), as described.
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M-mode recordings were used to determine the end-diastolic (EDD) and end-systolic (ESD) LV chamber diameter and anterior (AWTh) and posterior wall thicknesses (PWTh). Fractional shortening (FS) was calculated as (EDD 2 ESD)/EDD × 100.
Unilateral hindlimb ischaemia
New vessel formation in vivo was examined using the unilateral hindlimb ischaemia mouse model. 16 For surgery, male mice were anaesthetized by intraperitoneal injection of xylazine/ketamine hydrochloride. Perfusion was determined before and at the indicated time points after surgery via laser Doppler perfusion imaging (LDPI; PeriScan PIM III; Perimed) using the contralateral hindlimb as internal control (set at 100%). Four weeks later, mice were sacrificed by overdose isoflurane inhalation and the gastrocnemic muscle of the injured and the contralateral leg embedded in TissueTek w compound and processed for immunofluorescence microscopy analysis of CD31-positive cells.
Bone marrow transplantation
End.PTP1B-WT mice were sublethally irradiated and transplanted with whole bone marrow homogenates from either End.PTP1B-WT or End.PTP1B-KO littermates, essentially performed, as described. 17 Donor mice were sacrificed by overdose inhalation of isoflurane. Following a recovery period of 6 weeks, mice were subjected to unilateral hindlimb ischaemia, as described above.
Histochemistry
Histochemical analyses were performed on 5 mm-thick frozen, acetonefixed cross sections. Cardiac fibrosis was determined by Masson's trichrome (MTC) staining. Capillary endothelial cells were assessed using monoclonal antibodies against CD31 (Santa Cruz Biotechnology), followed by Cy3-labelled secondary antibodies (Molecular Probes). Cell nuclei were visualized using 4 ′ ,6-diamidino-2-phenylindole (DAPI; Sigma). In some mice, the functionality of cardiac vessels was assessed by intracardiac (i.c.) injection of endothelial fluorescein (FITC)-conjugated Griffonia simplicifolia isolectin B4 (GSL-I; Vector Laboratories) 15 min prior to sacrifice. PTP1B expression was assessed using monoclonal antibodies (NovusBiologicals), endothelial NO synthase expression was detected using antibodies against eNOS (Cell Signaling Technology), and TGFb signalling was examined using antibodies against phospho-Smad2 (Ser465/467; Merck Millipore). Results are expressed as immunopositive area per mm 2 . Cardiomyocyte membranes were marked using FITC-labelled wheat germ agglutinin (WGA; Molecular Probes) followed by determination of the single cardiomyocyte CSA. Per cross section, at least 10 randomly selected cardiomyocytes were evaluated and results averaged. Cardiac apoptosis was examined using terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL; Roche). Proliferating cells were visualized using antibodies against proliferating cell nuclear antigen (PCNA; abcam). Leucocytes were detected using antibodies against murine CD45 (Santa Cruz Biotechnology). Positive cells were manually counted in 3 -5 random 400X microscope fields per section, averaged per mouse, and expressed per mm 2 or per cardiomyocyte.
Endothelial PTP1B, cardiac angiogenesis and hypertrophy Hypoxia was examined using antibodies against mouse carbonate dehydratase IX (CAIX; Bioss Antibodies), reactive oxygen species using dihydroethidium (DHE; Life Technologies). Morphometric analyses were performed using image analysis software (Image ProPlus, version 4.01).
Quantitative real-time polymerase chain reaction
Total RNA was isolated using RNAWiz (Ambion), and the amount and quality were checked by spectrophotometry (Nanodrop; Thermo Scientific). One microgram of RNA was reverse-transcribed into cDNA, followed by quantitative polymerase chain reaction (qPCR) using real-time assessment of SYBR w Green (Applied Biosystems) and the iCycler iQ Detection system (BioRad). Primers and qPCR conditions are listed in Supplementary material online, Table S1 . Results were calculated using the delta Ct method and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA and are reported as -fold change vs. sham-operated mice. In preliminary analyses, cardiac expression of GAPDH was tested and found not to be affected by the genotype or the surgical intervention.
Western blot analysis
Frozen spleen and heart tissue was pulverized on liquid nitrogen and resuspended in lysis buffer containing fresh protease and phosphatase inhibitors. Equal amounts of protein (40 mg) were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis together with molecular weight standards and transferred to nitrocellulose membranes (Protran w , Whatman). Membranes were blocked in 5% bovine serum albumin (in Tris-buffered saline, containing 0.1% Tween-20), followed by incubation with antibodies against AKT (phosphorylated at Ser43 and total), caveolin-1 (phosphorylated at Tyr14 and total), eNOS (phosphorylated at Ser1177 and total), ERK1/2 (phosphorylated at Thr202/Tyr204 and total), PDGFRb (phosphorylated at Tyr751 and total), VEGFR2 (phosphorylated at Tyr996 and total; all Cell Signaling Technology), or against FGFR1 (phosphorylated at Tyr653/654 and total; ThermoScientific), HIF1a (abcam), NOX4 (abcam), and PTP1B (Novus Biologicals). Protein bands were visualized using horseradish peroxidase-conjugated secondary antibodies (Amersham Biosciences), followed by detection with SuperSignal 
Statistical analysis
Quantitative data are presented as mean + SEM. Normal distribution was confirmed for all data sets using the D'Agostino and Pearson omnibus normality test. Differences were compared using ANOVA test (or repeated measures ANOVA for findings in the same animal before and after an intervention) followed by Bonferroni's multiple comparison test. Frequencies were compared using the x 2 test. Survival analysis was performed using the log-rank test. Statistical significance was assumed if P reached a value of ,0.05. All analyses were performed using data analysis software (GraphPad Software, Inc.; version 6.0).
Results
Generation of mice with conditional deletion of PTP1B in endothelial cells
Mice with inducible endothelial cell-specific deletion of PTP1B (End.PTP1B-KO) were generated as described in the Methods section. Tie2.ERT2.Cre mice have been shown to allow efficient temporal gene deletion exclusively in endothelial cells, including the heart, whereas the percentage of recombined cells was found to be negligible in haematopoietic cells.
14 Following the induction of Cre recombinase activity by feeding mice tamoxifen-containing rodent chow, PTP1B gene excision was confirmed by PCR analysis of genomic DNA isolated from tail biopsies (Supplementary material online, Figure SIA ) and total heart homogenates (Supplementary material online, Figure SIB ). Immunofluorescence analysis followed by confocal microscopy revealed low PTP1B expression in the sham-operated mouse hearts of both genotypes, whereas the observed increase in endothelial PTP1B expression in the banded hearts of End.PTP1B-WT mice was not detected in their End.PTP1B-KO counterparts (Supplementary material online, Figure  SIC) . Western blot analysis of spleen homogenates revealed similar PTP1B protein levels in End.PTP1B-WT and End.PTP1B-KO mice (Supplementary material online, Figure SID ).
Endothelial PTP1B deletion improves survival and cardiac function after TAC
To induce cardiac hypertrophy, mice were subjected to TAC. Longitudinal observations over 20 weeks after surgery revealed a significantly improved survival in mice lacking endothelial PTP1B: 18 out of 40 End.PTP1B-KO mice died (45%) compared with 26 out of 49 End.PTP1B-WT mice (53%) and 0 out of 11 sham-operated mice ( Figure 1A ). Of note, mice that died within the first 48 h after surgery (i.e. 8 End.PTP1B-KO mice and 23 End.PTP1B-WT mice) were excluded from this calculation to minimize any direct and acute effects of the surgical intervention on death.
Serial echocardiographic measurements revealed a significantly improved FS in mice lacking PTP1B in endothelial cells ( Figure 1B) . End.PTP1B-KO mice also exhibited significantly smaller end-diastolic ( Figure 1C ) and end-systolic ( Figure 1D ) LV dimensions. The PWTh increased to a similar extent after TAC in both genotypes (not shown). Endothelial PTP1B deletion also was associated with a lower mean heart-to-body weight ratio ( Figure 1E) , and similar results were obtained after determining the actual heart weight at necropsy (Supplementary material online, Figure SIIA) . Lung weights significantly increased only in End.PTP1B-WT mice (Supplementary material online, Figure SIIB) , consistent with the more severe heart failure in those animals. Of note, none of the above echocardiographical parameters were found to differ significantly between sham-operated End.PTP1B-WT and End.PTP1B-KO mice. Measurement of blood pressure revealed no differences between genotypes (.n ¼ 12 mice per group), neither for the systolic (114 + 4.5 vs. 118 + 3.7 mmHg; P ¼ 0.561) nor for the diastolic blood pressure (76 + 5.4 vs. 83 + 3.7 mmHg; P ¼ 0.272).
Absence of PTP1B in endothelial cells prevents cardiac vessel rarefaction and hypoxia after TAC
Histological analysis of serial cross sections through the heart of shamand TAC-operated mice revealed a significantly smaller mean single cardiomyocyte cross-sectional area (CSA) in the banded hearts of End.PTP1B-KO mice 20 weeks after TAC (representative findings are shown in Figure 2A and the summary of the morphometric analysis in Figure 2B ). A significant reduction in cardiac microvessel density after TAC was observed in End.PTP1B-WT mice but not in their End.PTP1B-KO counterparts (Figure 2A and C ) , whereas the number of CD31-immunopositive cells per individual cardiomyocyte was significantly reduced in both genotypes ( Figure 2D ). Cardiac vascularization, as demonstrated by intravital endothelial lectin perfusion, was significantly improved in End.PTP1B-KO compared with End.PTP1B-WT mice (Figure 2A and E) . The higher capillary density was associated with less pronounced tissue hypoxia, as indicated by the lower expression of the HIF transcriptional target CAIX at day 7 after TAC compared with End.PTP1B-WT mice (Figure 2A and F ) .
Western blot analysis of total cardiac protein lysates confirmed higher HIF1a protein levels in the hearts from End.PTP1B-WT mice at 7 days after TAC (Supplementary material online, Figure SIIIA and B) . At this time point, significantly increased PTP1B protein levels were observed in End.PTP1B-WT mice but not in their End.PTP1B-KO counterparts (Supplementary material online, Figure SIIIC and D) .
Endothelial PTP1B deletion improves extra-cardiac angiogenesis
Induction of unilateral hindlimb ischaemia confirmed a significantly improved neovascularization in mice lacking PTP1B in endothelial cells, as shown by serial non-invasive laser Doppler perfusion imaging ( Figure 3A and B) and quantitative CD31 immunostaining of cross sections through the M. gastrocnemius harvested 4 weeks after surgery , and heart-to-body weight ratio (E) determined by echocardiography at baseline (n ¼ 27 End.PTP1B-WT and n ¼ 26 End.PTP1B-KO mice) and 8 (n ¼ 27 End.PTP1B-WT and n ¼ 26 End.PTP1B-KO mice), 16 (n ¼ 10 End.PTP1B-WT and n ¼ 12 End.PTP1B-KO mice), and 20 (n ¼ 9 End.PTP1B-WT and n ¼ 12 End.PTP1B-KO mice) weeks after TAC or sham operation. *P , 0.05, **P , 0.01, and ***P , 0.001 vs. sham, ## P , 0.01 and ### P , 0.001 vs. baseline. Significant differences between End.PTP1B-WT and End.PTP1B-KO mice are indicated within the graphs.
Endothelial PTP1B, cardiac angiogenesis and hypertrophy ( Figure 3C and D) . Analysis of End.PTP1B-WT mice after sublethal irradiation and transplantation of bone marrow from either End.PTP1B-WT or End.PTP1B-KO mice revealed no differences between both groups (Supplementary material online, Figure SIVA and B), suggesting that the pro-angiogenic effects of PTP1B do not involve bone marrow-derived cells.
Deletion of PTP1B in endothelial cells enhances cardiac VEGF signalling
Previous studies have shown that cardiac angiogenesis in response to stress is regulated by VEGF, 3 -5 which in endothelial cells signals primarily via VEGFR2. 18 At 20 weeks after TAC, significantly higher levels of relative VEGFR2 phosphorylation were observed in the hearts of End.PTP1B-KO mice ( Figure 4A and B) . In addition, we examined total and phosphorylated levels of PDGFRb and FGFR1, i.e. receptors for growth factors involved in cardiac angiogenesis 2 and known to be regulated by PTP1B (i.e. PDGFRb) or not (FGFR1). These analyses revealed significantly increased levels of total and phosphorylated PDGFRb in both genotypes at day 7 after TAC, whereas total protein levels increased further only in End.PTP1B-WT but not in End.PTP1B-KO mice (P , 0.01 vs. End.PTP1B-KO). This resulted in reduced relative PDGFRb phosphorylation at 20 W after TAC in End.PTP1B-WT, whereas that in End.PTP1B-KO was not significantly altered (Supplementary material online, Figure SVA -D) . On the other hand, relative FGFR1 phosphorylation levels did not differ between End.PTP1B-WT and End.PTP1B-KO mice (Supplementary material online, Figure SVE and F). Consistent with increased VEGFR2 signalling, the hearts of End.PTP1B-KO mice exhibited higher levels of phosphorylated ERK1/ 2 ( Figure 4C and D) . Protein kinase B (AKT) phosphorylation was elevated in both genotypes compared with sham-treated controls, although statistical significance was observed only in mice lacking endothelial PTP1B ( Figure 4E and F ). Cardiac total eNOS protein levels also were significantly higher in TAC-operated End.PTP1B-KO mice compared with their End.PTP1B-WT counterparts ( Figure 4G and H ), and similar findings were observed for phosphorylated eNOS, resulting in similar relative cardiac phospho-eNOS levels in End.PTP1B-KO and End.PTP1B-WT mice (not shown).
Endothelial PTP1B deletion enhances cardiac endothelial cell survival after TAC
Based on the above findings of activation of signalling pathways involved in the regulation of cell survival, we next examined Endothelial PTP1B, cardiac angiogenesis and hypertrophy Figure 4 Western blot analysis of cardiac VEGF signalling. Whole heart protein homogenates from sham-and TAC-operated End.PTP1B-WT and End.PTP1B-KO mice were subjected to western blot analysis of phosphorylated VEGFR2 (representative findings in A, summarized results in at least n ¼ 5 mice per group in B), ERK1/2 (C and D), AKT (E and F ), and eNOS protein expression (G and H ). Results were normalized to GAPDH and are expressed as -fold change vs. sham-operated littermates of the same genotype from the same gel (set at 1). *P , 0.05, **P , 0.01, and ***P , 0.001 vs. sham. Significant differences between End.PTP1B-WT and End.PTP1B-KO mice are indicated within the graphs.
whether endothelial deletion of PTP1B alters cardiac proliferation and apoptosis after TAC. Histochemical analysis revealed higher numbers of PCNA-positive, proliferating endothelial cells in the End.PTP1B-KO mouse hearts ( Figure 5A and B) , whereas the number of TUNEL-positive apoptotic cells, dual-positive for endothelial lectin, was found to be reduced ( Figure 5A and C ) . On the other hand, the number of TUNEL-positive non-endothelial cells was increased to a similar extent in both genotypes, although changes did not reach statistical significance in End.PTP1B-KO mice ( Figure 5A and D) .
Endothelial PTP1B deletion upregulates endothelial caveolin-1 expression and ameliorates oxidative stress
Histological analysis confirmed increased cardiac expression of eNOS in mice lacking PTP1B in endothelial cells ( Figure 6A and B) . As VEGFR2 and eNOS are both localized in caveolae and as PTP1B may bind to caveolin-1, the principal structural component of caveolae in endothelial cells, we next examined cardiac caveolin-1 expression levels. Histological analysis revealed elevated expression of caveolin-1 in the hearts of End.PTP1B-KO mice 20 weeks after TAC ( Figure 6A and C ), and Endothelial PTP1B, cardiac angiogenesis and hypertrophy western blot analysis confirmed higher phosphorylated caveolin-1 protein expression levels in the End.PTP1B-KO mouse hearts ( Figure 6D ). On the other hand, immunofluorescence imaging of DHE revealed lower levels of ROS production in the End.PTP1B-KO mouse hearts ( Figure 6A and E) . In line with these findings, cardiac mRNA ( Figure 6F ) and protein ( Figure 6G ) expression of the endothelial NADPH isoform NOX4 was found to be reduced in End.PTP1B-KO compared with End.PTP1B-WT mice. End.PTP1B-WT and End.PTP1B-KO hearts were immunostained for eNOS (red signal; quantitative analysis in B; n ¼ 5 mice per group) or caveolin-1 (red signal; quantitative analysis in C; n ¼ 6 mice per group). Intravitally isolectin B4-perfused capillaries are marked in green, DAPI-positive cell nuclei in blue. Size bars represent 100 mm. Phosphorylated caveolin-1 protein levels were detected using western blot of whole mouse heart homogenates (D; at least 5 mice per group). In vivo ROS generation was visualized using DHE (red signal; quantitative analysis in E; n ¼ 3 mice per group). NOX4 expression was examined on the mRNA (F; n ¼ 6 mice per group) and the protein (G; at least 5 mice per group) levels. *P , 0.05, **P , 0.001, and ***P , 0.001 vs. sham. Significant differences between End.PTP1B-WT and End.PTP1B-KO mice are indicated within the graphs.
Endothelial PTP1B deletion reduces cardiac fibrosis after TAC
Analysis of cardiac fibrosis 20 weeks after TAC using MTC staining revealed more pronounced extracellular matrix deposition in the hearts of End.PTP1B-WT mice ( Figure 7A and B) . Similar findings were obtained after sirius red staining for interstitial collagen (not shown). In line with these findings, qPCR revealed significantly lower mRNA expression levels of SMA ( Figure 7C ), collagen III ( Figure 7D) , and TGFb ( Figure 7E ) in the hearts of End.PTP1B-KO mice compared with their End.PTP1B-WT counterparts. Cardiac levels of phosphorylated Smad2, indicating activated TGFb signalling, were significantly elevated in End.PTP1B-WT mice but not in End.PTP1B-KO animals ( Figure 7A and F ) . Of note, the number of CD45-positive inflammatory cells was increased to a similar extent in the banded hearts of both genotypes ( Figure 7A and G) . (immuno-)staining of the hearts from End.PTP1B-WT and End.PTP1B-KO mice. Size bars represent 100 mm. Summary of the quantitative analysis in at least n ¼ 7 mice per group for MTC (B), p-Smad2 (F), and CD45 (G). (C-E) qPCR analysis (at least n ¼ 6 mice per group) of the mRNA expression of smooth muscle actin (SMA) (C), collagen III (D), and TGFb (E). Results were normalized to GAPDH and are expressed as -fold change vs. sham-operated mice (set at 1). *P , 0.05 and **P , 0.01 vs. sham. Significant differences between End.PTP1B-WT and End.PTP1B-KO mice are indicated within the graphs.
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Discussion
In this study, we examined the importance of PTP1B expression in endothelial cells for cardiac angiogenesis and remodelling processes during chronic pressure overload-induced hypertrophy. We could show that endothelial deletion of PTP1B promotes cardiac and extracardiac angiogenesis and reduces cardiac hypoxia, oxidative stress, and fibrosis, resulting in improved survival and less pronounced echocardiographic signs of heart failure. We demonstrate that endothelial PTP1B deletion was associated with enhanced cardiac VEGF signalling and improved endothelial survival. Moreover, elevated levels of caveolin-1 may have contributed to the protection from cardiac fibrosis and heart failure by reducing oxidative stress and TGFb signalling.
Cardiomyocyte hypertrophy is initially associated with increased angiogenesis, whereas a rarefaction of the cardiac microvasculature is observed at later stages and may contribute to the progression from adaptive remodelling towards heart failure. 19 Inhibition of blood vessel formation was shown to accelerate the development of cardiac dysfunction, 3, 5 whereas angiogenesis stimulation delayed the onset of heart failure. 20 Whereas the role of VEGF and other angiogenic growth factors for cardiac angiogenesis has been intensively studied, 3 -5 the molecular mediators involved in cardiac vessel reduction during pathological hypertrophy are largely unknown. In addition to an inadequate expression of angiogenic growth factors by hypertrophied cardiomyocytes, up-regulation of counterregulatory mediators and resistance towards angiogenic growth factor stimulation may also play a role. In this respect, PTP1B represents an interesting candidate. In a genome-wide gene expression analysis, we have previously shown that increased cardiac afterload is, among others, associated with elevated expression of counterregulatory phosphatases, including PTP1B, 15 and these results were confirmed in the present study. The almost complete abolishment of PTP1B overexpression in the banded hearts of End.PTP1B-KO mice suggests a major contribution of endothelial cells to this observation. Regarding the stimuli underlying cardiac/endothelial PTP1B overexpression in chronic pressure overload, cardiac PTP1B overexpression coincided with elevated HIF1a protein, suggesting that cardiac hypoxia may have played a role. Previous studies have found markedly elevated active PTP1B protein levels in ischaemic hindlimb muscles.
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PTP1B inhibition or silencing was shown to enhance the VEGF-induced migration and proliferation of mouse heart microvascular endothelial cells. 21 The general phosphatase blocker sodium orthovanadate increased VEGFR2 and AKT phosphorylation and accelerated angiogenesis in a rat model of hindlimb ischaemia, 22 and similar findings were observed using the non-selective PTP inhibitor bis(maltolato)oxovanadium IV. 23 Recently, endothelial PTP1B was demonstrated to regulate VEGF-induced angiogenesis and arteriogenesis under physiological conditions. 10 We had shown that the non-responsiveness of endothelial progenitor cells from obese individuals to angiogenic growth factor stimulation involves endothelial overexpression of PTP1B. 16 With regard to cardiac pathologies, systemic pharmacological inhibition or genetic deletion of PTP1B was shown to protect mice against chronic heart failure induced by myocardial infarction. 11, 21 This was accompanied by reduced cardiac fibrosis and cardiomyocyte hypertrophy and also ameliorated the endothelial dysfunction associated with heart failure, 11 possibly through restoration of eNOS phosphorylation in peripheral resistance arteries. 12 PTP1B deficiency also was found to protect against acute heart failure in mouse models of lipopolysaccharide-or caecal puncture-induced heart failure. 24 On the other hand, the role of PTP1B during chronic pressure overload-induced cardiac hypertrophy and heart failure has not been examined thus far. In the present study, we could show that endothelial PTP1B deletion promotes cardiac vascularization and prevents cardiac decompensation, hypoxia, and fibrosis, ultimately protecting mice against heart failure induced by chronically increased cardiac afterload. Although findings between different studies and models may not be directly comparable, the observed beneficial effects in mice with endothelial-specific PTP1B deletion in terms of improvement of systolic pump function were very similar to those observed in mice with systemic gene deletion or after pharmacological inhibition and ischaemia-induced heart failure, 11 underlining the importance of PTP1B expressed in endothelial cells for the cardiac response to injury. The anti-angiogenic effects of PTP1B have been primarily explained by dephosphorylation of VEGFR2 and subsequent reduction of ERK1/2 activation and endothelial cell proliferation. 9, 10 Our findings confirm enhanced cardiac VEGFR2 signalling, whereas the relative phosphorylation of receptors for other growth factors involved in cardiac angiogenesis (such as PDGF and FGF2) was found not to differ between genotypes. Interestingly, total PDGFRb protein expression significantly increased at 7 days after TAC, in line with previous findings, 25 but further increased only in End.PTP1B-WT mice, possibly underlining the more pronounced TAC-induced cardiomyocyte stress in those mice. Moreover, elevated levels of proliferating endothelial cells and functional, i.e. perfused vessels were observed in the banded hearts of mice lacking endothelial PTP1B, and cardiac endothelial cell apoptosis was found to be reduced, which may have contributed to the observed stabilization of the cardiac microvasculature in endothelial PTP1B-deficient mice. Previous studies have implicated PTP1B in apoptosis: PTP1B deficiency in hepatocytes was shown to confer resistance to apoptosis by altering the balance of pro-and anti-apoptotic members of the Bcl-2 family. 26 Small interference RNA against PTP1B reduced FasR-induced caspase-3 and caspase-8 activation following exposure of neonatal rat cardiac myocytes to hypoxia reoxygenation. 27 A major finding of the present study is the significant reduction of cardiac fibrosis in mice lacking PTP1B in endothelial cells. One potential explanation may be the improved angiogenesis due to enhanced VEGF signalling, as shown by the increased activation of the downstream angiogenic mediators eNOS or ERK1/2. The subsequent improvement of cardiac perfusion and reduction of hypoxia may have indirectly contributed to reduced cardiac cell death and replacement fibrosis, in addition to direct effects of PTP1B on apoptotic cell death, as discussed above. We did not observe any differences in cardiac COX2 mRNA and protein expression levels between both genotypes, as recently reported in plasma of mice with streptozotocin-induced type 1 diabetes and found to underlie the protection against endothelial dysfunction.
28 Differences in fibrosis secondary to altered levels of cardiac inflammation may also have been involved, as a recent study found that systemic PTP1B deficiency was associated with elevated numbers of cardiac M2 macrophages after myocardial infarction. 21 In this regard, we observed a similar increase in CD45-positive leucocytes in both genotypes 20 weeks after TAC, although the time point might have been too late to detect any differences. Of note, PTP1B expressed in haematopoietic cells derived from the bone marrow did not play a major role, at least not for the angiogenic phenotype examined after induction of peripheral ischaemia. PTP1B is known to physically associate with caveolin-1, a major component of caveolae, lipid-rich cell membrane invaginations involved in the structural and functional organization of transmembrane receptors. Caveolin-1 is primarily expressed in endothelial cells and fibroblasts and regulates, among others, the activity of VEGFR2 and eNOS. Rather surprisingly, in the present study, we observed an increased cardiac expression of caveolin-1 in mice lacking PTP1B. Phosphorylated caveolin-1 levels also were significantly increased, although phosphocaveolin has been identified as potential PTP1B substrate. 29 The mechanisms underlying this observation have to be explored in more detail in future studies. Several studies have shown that caveolin-1 inhibits eNOS enzyme activity and NO formation in endothelial cells. 30 Although reduced NO production may be undesirable in acute situations, the caveolin-1 -NO interaction may protect from chronic NO-derived superoxide anion generation following persistent eNOS activation, substrate depletion, and eNOS uncoupling. In line with this notion, endothelial cells lacking caveolin-1 exhibited increased levels of intracellular H 2 O 2 and mitochondrial ROS production. 31 Caveolin-1 deficient mice develop cardiac hypertrophy and fibrosis, 32 possibly due to constitutive hyperactivation of the NO pathway and enhanced radical stress. 33 Mechanistically, caveolin-1 has been shown to reduce ROS production in pulmonary artery endothelial cells by repressing the expression of NOX2 and NOX4. 34 In line with the observed increased cardiac caveolin-1 expression, the hearts of End.PTP1B-KO mice exhibited reduced ROS production, as shown by DHE staining, and significantly lower levels of NOX4 mRNA and protein expression may have contributed to this observation. In addition to inhibiting ROS generation, caveolin-1 possesses anti-fibrotic properties and has been shown to suppress TGFb1-induced extracellular matrix production in cultured fibroblasts, 35 possibly via TGFb receptor internalization through lipid rafts. 36 To this end, lower levels of phosphorylated Smad2 were observed in the hearts of End.PTP1B-KO mice, which may have contributed to the reduced levels of cardiac apoptosis and fibrosis and protection from heart failure. Taken together, our findings suggest that endothelial PTP1B is important for the rarefaction of the cardiac microvasculature during chronic afterload-induced hypertrophy, possibly by inhibiting VEGF signal transduction resulting in decreased eNOS synthesis and ERK1/2 activation, reduced endothelial proliferation, and enhanced apoptosis. The subsequent reduction in cardiac perfusion and increase in tissue hypoxia, but also down-regulation of caveolin-1 with a subsequent increase in NOX4 expression, ROS generation, and TGFb signalling may have contributed to the development of cardiac fibrosis, the histological substrate of heart failure.
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